1. Introduction
===============

Inosine monophosphate (IMP) dehydrogenase, a key enzyme in de novo synthesis of purine nucleotides, is an important therapeutic target. Three inhibitors of IMP dehydrogenase have reached the market. Of these, ribavirin (Rebetol^®^ and Virazole^®^) is a broad-spectrum antiviral agent, which in combination with interferon-alpha is now used for treatment of hepatitis C virus infections ([@bib14]). It was thought that ribavirin might be useful for treating coronavirus-associated severe acute respiratory syndrome infections (SARS) because of its broad-spectrum inhibition of RNA viruses.

Mizoribine (Bredinin^®^) and mycophenolic mofetil (CellCept^®^), a derivative of mycophenolic acid (MPA), are the other two IMP dehydrogenase-inhibiting compounds; they have been introduced as immunosuppressants ([@bib1], [@bib36]) for patients with hepatitis C receiving transplants. MPA has shown appreciable biological activity, including immunosuppression of inflammation ([@bib50]). Because inflammation is thought to play a role in the pathogenesis of SARS ([@bib26]), MPA might be a useful compound in reducing the inflammatory response associated with SARS infections. Another inhibitor, EICAR, is an investigative drug ([@bib42]) ([Fig. 1](#fig1){ref-type="fig"} ).Fig. 1Structures of compounds evaluated for efficacy in SARS-CoV mouse lung replication model.

Of the IMP dehydrogenase inhibitors mentioned above, only ribavirin has been extensively evaluated in severe acute respiratory syndrome coronavirus (SARS-CoV) cell culture assays and used for actual treatment of SARS infections. Initial studies by [@bib12], [@bib13] suggested that ribavirin did not inhibit SARS-CoV replication in African green monkey kidney cells (Vero) at therapeutically achievable concentrations. This was subsequently confirmed in several laboratories ([@bib5], [@bib44], [@bib8], [@bib48]). More than likely ribavirin was not phosphorylated to sufficient levels in Vero cells to achieve an antiviral effect ([@bib14]). However, others have found that ribavirin was a potent inhibitor of viral replication in Vero cells ([@bib53]). In addition, ribavirin apparently inhibited SARS-CoV replication in rhesus monkey kidney cells (FRhK-4) at 50 μg/ml. However, the clinically equivalent concentration of this dose would be above plasma levels achievable in humans ([@bib24]). [@bib32] have found ribavirin to be efficacious against SARS-CoV in several other cells lines including embryonic African green monkey kidney cells (MA-104), pig kidney cells (PK-15), and human colon carcinoma cell lines (Caco-2 and CL-14).

Clinically, some retrospective studies have shown that ribavirin did not facilitate the recovery of patients infected with SARS-CoV ([@bib26], [@bib51]). A randomized trial showed that ribavirin was not efficacious ([@bib55]). In addition, SARS patients in Canada treated with ribavirin still had high copy numbers of SARS-CoV RNA in multiple lobes of the lung at their time of death ([@bib30]). The outcome for patients treated with hydrocortisone and ribavirin was not any better; the plasma levels of SARS-CoV mRNA were increased in the second and third weeks of illness compared to those who received placebo ([@bib26]). However, in another study, five of eight patients treated with ribavirin had reduced viral loads during treatment ([@bib51]), while three did not.

Because of the conflicting data concerning the efficacy of ribavirin (reviewed by [@bib14]), studies were done to evaluate ribavirin as well as other IMP dehydrogenase inhibitors for efficacy in preventing viral replication in the lungs of BALB/c mouse model for SARS-CoV ([@bib45]).

2. Materials and methods
========================

2.1. Cells and virus
--------------------

African green monkey kidney cells (Vero 76) and human colon adenocarcinoma cells (CaCo-2) were obtained from American Type Culture Collection (ATCC; Manassas, VA, USA). Embryonic African green monkey kidney cells (MA-104) were originally obtained from Whitaker MA Bioproducts (Walkersville, MD, USA). Vero E6 cells were kindly provided by the Centers for Disease Control (Atlanta, GA, USA). All cells were routinely grown in minimal essential medium (MEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Hyclone Laboratories, Logan, UT, USA) and the CaCo-2 cells in DMEM supplemented with 10% FBS. For antiviral assays, the serum was reduced to 2% and gentamicin added to the medium at a final concentration of 50 μg/ml.

Severe acute respiratory syndrome coronavirus, strain Urbani (200300592), was obtained from the CDC and routinely passaged in Vero 76 cells. All experiments involving infectious SARS-CoV were carried out in BSL-3+ laboratories. All personnel wore complete body protective coverings and HEPA-filtered powered air purifying respirators.

2.2. Compounds
--------------

Ribavirin was obtained from ICN Pharmaceuticals (Costa Mesa, CA). Ribavirin monophosphate was kindly provided by Dr. Zhi Hong (Valeant Pharmaceuticals International, Costa Mesa, CA) and mizoribine was obtained from Dr. Dennis Carson (University of California at San Diego). 5-Ethynyl-1-β-[d]{.smallcaps}-ribofuranosylimidazole-4-carboxamide (EICAR) was obtained from the NIAID Antiviral Substances Program and mycophenolic acid was purchased from Sigma (St. Louis, MO). Alferon N Injection^®^ was provided by Hemispherx Biopharma, Inc. (New Brunswick, NJ, USA). All compounds were solubilized in minimal essential medium for in vitro assays and in physiological saline (PSS) for in vivo experiments. Structures of compounds used in the current studies are shown in [Fig. 1](#fig1){ref-type="fig"}.

2.3. Cytopathic effect (CPE) inhibition assay
---------------------------------------------

A modified protocol of [@bib4] was used for in vitro evaluation of antiviral efficacy of the IMP dehydrogenase inhibitors. Compounds were tested at varying concentrations (four log~10~ or eight (1/2) log~10~ dilutions). Virus and compound were added in equal volumes to near-confluent cell monolayers in 96-well tissue culture plates. The MOI used was ranged from 0.01 to 0.025 in order to produce virus cytopathic effects in 100% of the cells in the virus control wells within 3--4 days. The plates were incubated at 37 °C until the cells in the virus control wells showed complete viral CPE as observed by light microscopy. Each concentration of drug was assayed for virus inhibition of viral CPE in triplicate and for cytotoxicity in duplicate. Six wells per plate were set aside as uninfected, untreated cell controls and six wells per plate received virus only and represented controls for virus replication. Alferon^®^ (Hemispherx Biopharma, Inc.), a human leukocyte-derived alfa-n3 interferon (IFN), was included as a positive control drug for each set of compounds tested.

Morphological changes resulting from cytotoxicity of a compound or virus cytopathic effect were graded on a scale of 0--5, 5 being defined as the appearance of complete cytotoxicity or cytopathic effect involving the entire monolayer as observed by light microscopy. The values obtained were then converted to percents of untreated, uninfected controls. The 50% cell cytotoxic doses (CC50) and 50% virus inhibitory doses (IC50), representing the putative concentration at which 50% of the monolayers would show compound cytotoxicity or virus cytopathic effect, respectively, were estimated by regression analysis. A selectivity index (SI) was calculated using the formula: SI = CC50/IC50. The activity in the CPE assay was then verified spectrophotometrically by neutral red (NR) uptake assay on the same plate (see below).

2.4. Neutral red uptake assay for determination of antiviral efficacy and compound cytotoxicity
-----------------------------------------------------------------------------------------------

This assay was done for each CPE inhibition test plate described above to verify the inhibitory activity and the cytotoxicity detected by visual observation. The usual correlation between visual and neutral red assays in our hands has been greater than 95% ([@bib3]). The NR assay was performed using a modified method of [@bib7] as described by [@bib5]. Briefly, medium was removed from each well of a plate, 0.011% NR was added to each well of the plate, and the plate incubated for 2 h at 37 °C in the dark. The NR solution was removed from the wells, rinsed and any remaining dye extracted using ethanol buffered with Sörenson\'s citrate buffer. Absorbances at 540 nm/405 nm were read with a microplate reader (Bio-Tek EL 1309; Bio-Tek Instruments, Inc., Winooski, VT). Absorbance values were expressed as percents of untreated controls and IC50, CC50, and SI values were calculated as described above.

2.5. Virus yield reduction assay
--------------------------------

Some compounds were evaluated in a more sensitive assay to confirm the results of the CPE inhibition/NR uptake assays. Infectious virus yields from each well from a second CPE inhibition assay were determined as previously described ([@bib5]). After CPE was scored as described above, each plate was frozen at −80 °C and thawed. Sample wells at each compound concentration tested were pooled and titered in Vero 76 cells for infectious virus by CPE assay as previously described by [@bib4].

A 90% reduction in virus yield (IC90) was then calculated by linear regression analysis. This represented a one-log~10~ inhibition in titer when compared to untreated virus controls.

2.6. Animal studies
-------------------

### 2.6.1. Animals

Specific pathogen-free BALB/c female mice (8--16 g, range varied with each experiment) were obtained from Charles River Laboratories (Wilmington, MA). They were quarantined for 24 h prior to being transferred to the BSL-3 facility for adaptation for 1 week to use in the experiment. Mice were fed with standard mouse chow and tap water ad libitum. Mouse studies approved by the Utah State University Animal Care and Use Committee were carried out in an approved animal biosafety level 3 facility. Personnel entering the facility wore powered air-purifying respirators (3M HEPA Air-Mate; 3M, Saint Paul, MN). For the infectious disease experiments, mice were housed in bonneted filter-topped cages placed within a HEPA-filtered horizontal laminar flow ventilated animal rack.

### 2.6.2. Preliminary toxicity evaluation

For each compound, a dose range finding experiment was done to determine the maximum tolerated concentration using dosage regimens that were to be used in the actual efficacy studies with the compound.

### 2.6.3. Experimental design

Thirty mice per group were treated by intraperitoneal (i.p.) injection or intranasal (i.n.) administration with an appropriate concentration of compound or PSS (placebo) 4 h prior to infection of mice. After the 4 h pretreatment, the mice were sedated with an i.p. injection of 20 mg/kg of Ketamine^®^ and were infected i.n. with 50 μl of clarified virus lysate diluted 1:5 in saline (cell culture virus passage 4, 10^5^ CCID~50~) with each nostril receiving approximately 50 μl. Animals were treated twice daily (BID) with an appropriate compound or placebo administered either i.p. or i.n. with the second dosage generally following the first by about 8 h. However, on day 0 the animals received drug 4 h prior to exposure to virus, then another dose immediately after exposure to virus and another dose 8 h after the second dose for a total of three doses. For most experiments, animals were also treated with compound or placebo BID on days 1 and 2 after virus exposure. Uninfected animals (10 for each dose of compound or placebo) were treated with the same concentrations of drug or with placebo as were the infected mice and served as toxicity controls. All treatments ceased after day 2, and animals were sacrificed at days 3 and 7 post-virus exposure. For an experiment of 7-day duration, 20 animals from the virus-infected groups and 7 mice from the uninfected groups of mice were sacrificed on day 3 post-virus exposure and assayed for weight gain or loss. The remaining mice were sacrificed on day 7 and assayed for weight gain or loss as well. Lungs were removed, weighed, and scored as described below. Portions of the lung were also assayed for the presence of virus as described below.

### 2.6.4. Lung scoring

Lungs were scored based on surface appearance of lungs. Lungs were assigned a score from 0 to 4, with 0 meaning that the lungs looked normal and 4 denoting that the entire surface area of the lung was inflamed and showed plum colored lung consolidation. However, no lung consolidation was seen (model of viral replication only), although some surface inflammation of the lining of the lung was noted in many treated, infected mice, but not in untreated mice.

### 2.6.5. Lung virus titer determinations

Each mouse lung was homogenized, the tissue fragments allowed to settle, and varying dilutions of the supernatant fluids were assayed in triplicate for infectious virus in Vero 76 cells by CPE assay and titers (CCID~50~ values) calculated using the Reed--Muench method ([@bib38]).

### 2.6.6. Statistical analysis

Differences in mean lung weight and virus titers were analyzed by the Student\'s *t*-test. Wilcoxon ranked sum analysis was used for mean lung score comparisons. To detect differences in cytokine profiles of each treatment group, two-way repeated analysis of variance was used. For comparisons of cytokine levels between two treatments for an individual cytokine, a *t*-test was used.

2.7. Cytokine microarray analysis
---------------------------------

At days 3 and 7 post-infection, lung samples were taken from four of the mice in each treatment group. Lung samples from each time point were homogenized in a volume adjusted for lung weights, immediately frozen, and stored for 1 week prior to analysis. Cytokine levels in the supernatant fluids, adjusted for total protein, were measured on the same day using the Quansys Q-Plex™ Mouse Cytokine Array. This platform was chosen for its ability to simultaneously measure 16 different mouse cytokines with a small sample volume (30 μl). Cytokines that were quantified included interleukin-1 alpha (IL-1α), interleukin-1 beta (IL-1β), interleukin-2 (IL-2), interleukin-3 (IL-3), interleukin-4 (IL-4), interleukin-5 (IL-5), interleukin-6 (IL-6), interleukin-9 (IL-9), interleukin-10 (IL-10), interleukin-12 (IL-12), monocyte chemotactic protein-1 (MCP-1), interferon gamma (IFN-γ), tumor necrosis factor alpha (TNF-α), macrophage inflammatory protein-1-alpha (MIP-1α), granulocyte-macrophage colony stimulating factor (GM-CSF), and RANTES. Total protein in each sample was determined using a bicinchoninic acid (BCA™) assay. The total protein values were then used to adjust the measured cytokine levels in proportion to the amount of protein present in each sample.

3. Results {#sec1}
==========

3.1. In vitro antiviral activity of IMP dehydrogenase inhibitors
----------------------------------------------------------------

Of the IMP dehydrogenase inhibitors evaluated in vitro, none were inhibitory to virus replication independent of compound cytotoxicity ([Table 1](#tbl1){ref-type="table"} ). The closely related analog of ribavirin, viramidine, was also evaluated and was found not be active. The compounds were either not selectively inhibitory or inactive at the concentrations tested and not toxic. Since a number of investigators have indicated that ribavirin does inhibit SARS-CoV replication in vitro, even in Vero cells, ribavirin was further evaluated in vitro by neutral red uptake assay. In Vero E6 cells, the EC50 = 1253 ± 1102 μM (*n*  = 5, number of independent experiments) and in Vero 76 cells, the EC50 = 270 ± 50 μM (*n*  = 4). Ribavirin was also evaluated for efficacy against SARS-CoV infection in MA-104 cells and CaCo-2 cells by virus yield reduction assay. The EC90 values, representing a one-log drop in virus titer, were equal to 225 μM and 4100 μM, respectively, compared to the EC90 value of 560 μM in Vero 76 cells shown in [Table 1](#tbl1){ref-type="table"}. When evaluated 2 days after exposure to virus-infected cells, ribavirin only inhibited virus yields at very high concentrations, EC90 = 454 ± 236 μM (*n*  = 2). After a 4-day exposure, similar results were also obtained, EC90 = 545 ± 63 μM (*n*  = 2).Table 1In vitro SARS-CoV inhibitory activity of IMP dehydrogenase inhibitors and Alferon^®^ in Vero 76 cellsCompoundVisual assayNR assayVirus yield reduction assayIC50 (μM)CC50 (μM)SIIC50 (μM)CC50 (μM)SIIC90 (μM)EICAR\>40\>40028160\>40MPA\>30\>300\>30\>300ND[a](#tbl1fn1){ref-type="table-fn"}Mizoribine\>40\>400\>40\>400NDViramidine\>410\>4100\>410\>4100NDRibavirin21028313204021590Ribavirin monophosphate\>30\>300\>30\>300NDAlferon^®^93[b](#tbl1fn2){ref-type="table-fn"}\>32000\>34432\>32000\>10001600[^1][^2]

Some studies have inferred ribavirin efficacy against SARS-CoV, especially in cell lines that probably phosphorylate to its antiviral active form (reviewed by [@bib34], [@bib19], [@bib32], [@bib8]). In other studies in which ribavirin was evaluated for efficacy in cells less likely to phosphorylate the compound, ribavirin was not efficacious against SARS-CoV ([@bib5], [@bib44], [@bib8], [@bib48]). Thus, the question remains if ribavirin can truly inhibit SARS-CoV. Therefore, the next set of studies was done to determine if ribavirin could inhibit SARS-CoV infection in a mouse lung replication model (no pathogenesis detected) in which the question of phosphorylation is likely not an issue.

3.2. In vivo antiviral activity of IMP dehydrogenase inhibitors
---------------------------------------------------------------

In a first set of experiments, ribavirin (administered either i.p. or i.n.) was evaluated at the maximum tolerated dose in BALB/c mice, 75 mg/kg/day, twice a day beginning with a 4 h pretreatment, followed by two treatments immediately after virus exposure and 8 h later. The mice were subsequently treated BID on days 1 and 2 after virus exposure and then sacrificed on day 3 about 12 h after the last treatment. Some mice from each treatment were kept alive, receiving no further treatment and then sacrificed on day 7. From previous experiments, it was determined that maximum lung virus titers were obtained on either day 3 or 4 and subsequently declined to undetectable levels by day 7 (data not shown) in agreement with other studies ([@bib45]). In the current experiments, lung virus titers at day 3 were also at the levels detected in previous experiments and virus was not normally detectable by day 7. The infection was resolved with the virus totally cleared from the lungs; lung pathology was not detected in this model ([@bib45]).

When mice were treated i.p. following the protocol just described, the ribavirin-treated animals, infected or uninfected significantly (*p*  \< 0.05), lost weight during the experiment when measured at day 3, suggesting that the dose used was near the threshold of tolerance in the mice ([Table 2](#tbl2){ref-type="table"} ). At day 7, the ribavirin-treated animals had begun to gain weight, although the weight gain for infected animals treated with the drug and surviving to day 7 was less than the animals in other treatment groups surviving to day 7.Table 2Effects of i.p. or i.n. ribavirin treatment[a](#tbl2fn1){ref-type="table-fn"} on SARS-CoV (Urbani) replication in 12--14 g female BALB/c miceIntraperitoneal administrationIntranasal administrationTreatment (mg/kg)Day of sacrificeVirus titer (log~10~ CCID~50~/g)[b](#tbl2fn2){ref-type="table-fn"}Percent body weight changeTreatment (mg/kg)Day of sacrificeVirus titer (log~10~ CCID~50~/g)[b](#tbl2fn2){ref-type="table-fn"}Percent body weight changeVirus-infected mice 75[c](#tbl2fn3){ref-type="table-fn"}Day 34.3 ± 0.5[\*](#tbl2fn4){ref-type="table-fn"}−13[\*](#tbl2fn4){ref-type="table-fn"}75Day 35.2 ± 0.7−10[\*](#tbl2fn4){ref-type="table-fn"}Day 75.3 ± 0.01[\*](#tbl2fn4){ref-type="table-fn"}+2Day 74.4 ± 0.2+5   PlaceboDay 33.8 ± 0.4+12PlaceboDay 34.4 ± 0.8+1Day 70+15Day 70+17  Uninfected mice 75[c](#tbl2fn3){ref-type="table-fn"}Day 30−14[\*](#tbl2fn4){ref-type="table-fn"}75Day 30−9[\*](#tbl2fn4){ref-type="table-fn"}Day 70+3Day 70+9   PlaceboDay 30+6PlaceboDay 30−4Day 70+21Day 70+12[^3][^4][^5][^6]

Ribavirin treatment did not reduce viral lung titers at a dose of 75 mg/kg. On the contrary, virus titers were significantly higher on day 3 (*p*  \< 0.001). The presence of ribavirin also apparently inhibited clearance of virus from the lungs of animals at day 7, whereas no virus was detected in the placebo-treated mice. Infectious virus has routinely been shown to be cleared in the lungs of untreated, infected animals by day 7 ([@bib45]).

The results of treating the SARS-CoV infection in mice using the i.n. route are also summarized in [Table 2](#tbl2){ref-type="table"}. Again, ribavirin-treated mice lost weight during the experiment when measured at day 3, as did ribavirin-treated mice in the sham-infected group. At day 7, the ribavirin-treated animals had begun to gain weight in the presence of the drug, although the weight gain for infected animals treated with ribavirin and surviving to day 7 was less than the weight gain of the animals in the other treatment groups at day 7. Ribavirin treatment by the i.n. route also did significantly (*p*  \< 0.01) not reduce viral lung titers at the dose of 75 mg/kg, with virus titers higher than those in the placebo-treated animals on day 3. Ribavirin therapy appeared to also inhibit clearance of virus from the lungs at day 7 as was seen with i.p. administration, since 4.4 log~10~ virus was detected in the lungs at this time, whereas none was detected in the placebo-treated mice.

The same experimental design was used to evaluate and verify the unusual finding described above, using smaller mice (8--13 g). Ribavirin i.p. treatment, as before, did not reduce viral lung titers at a dose of 75 mg/kg ([Table 3](#tbl3){ref-type="table"} ) compared to the placebo-treated, infected mice; the titers were significantly higher (*p*  \< 0.05). As in previous experiments, virus titers were higher on day 3 and ribavirin treatment inhibited clearance of virus from the lungs at day 7. Similar results were obtained by administering ribavirin i.n., although there appeared to be no enhancement of virus infection at day 3 ([Table 3](#tbl3){ref-type="table"}).Table 3Effects of i.p. or i.n. ribavirin treatment[a](#tbl3fn1){ref-type="table-fn"} on SARS-CoV (Urbani) replication in 8--13 g female BALB/c miceIntraperitoneal administrationIntranasal administrationTreatment (mg/kg)Day of sacrificeVirus titer (log~10~ CCID~50~/g)[b](#tbl3fn2){ref-type="table-fn"}Percent body weight changeTreatment (mg/kg)Day of sacrificeVirus titer (log~10~ CCID~50~/g)[b](#tbl3fn2){ref-type="table-fn"}Percent body weight changeVirus-infected mice 75[c](#tbl3fn3){ref-type="table-fn"}Day 35.9 ± 0.4[\*](#tbl3fn6){ref-type="table-fn"}−675Day 34.9 ± 0.3−11Day 7[d](#tbl3fn4){ref-type="table-fn"}3.7 ± 0.1[\*](#tbl3fn6){ref-type="table-fn"}+12Day 74.3 ± 0.4+14   PlaceboDay 34.7 ± 0.4+22PlaceboDay 35.2 ± 0.4+6Day 70+29Day 70+31  Uninfected mice 75Day 30−1175Day 30−8Day 70−4Day 70+18   PlaceboDay 30+7PlaceboDay 30+12Day 7[e](#tbl3fn5){ref-type="table-fn"}0+37Day 70+8[^7][^8][^9][^10][^11][^12]

An argument could be made that the 75 mg/kg dose was too high or too frequent and perhaps the mice became immunocompromised, which led to a deleterious inflammatory response or to the inhibition of protective immune responses, allowing the virus to overcome normal host-range specificity that permits normal mice to clear the infection without getting disease. Therefore, experiments were done to evaluate the efficacy of ribavirin at a higher concentration administered as a single dose and to evaluate ribavirin administered at a lower dose using the same dosage regimen described for the previous experiments.

Animals treated with ribavirin at 20 mg/kg/day gained weight as expected from a dose that was lower than the maximum tolerated dose ([Table 4](#tbl4){ref-type="table"} ). However, this dose did not significantly affect lung virus titers and it did not lead to a prolonged infection as happened with the 75 mg/kg dosage regimen. When a higher dose of ribavirin (175 mg/kg) was administered one time on the same day after virus infection, no inhibition of lung virus titers was detected ([Table 5](#tbl5){ref-type="table"} ) and virus was not detected in the lungs of mice sacrificed at day 7 (data not shown).Table 4Effects of i.p. ribavirin treatment[a](#tbl4fn1){ref-type="table-fn"} on SARS-CoV (Urbani) replication in 11--14 g female BALB/c miceTreatment (mg/kg)Day of sacrificeVirus titer (log~10~ CCID~50~/g)[b](#tbl4fn2){ref-type="table-fn"}Percent body weight changeVirus-infected mice 20Day 35.5 ± 0.6+33Day 70+10   PlaceboDay 35.1 ± 0.2+10Day 70+21  Uninfected mice 20Day 30−12[\*](#tbl4fn3){ref-type="table-fn"}Day 70+18   PlaceboDay 30+7Day 70+37[^13][^14][^15]Table 5Effects of single i.p. administration of high concentrations of ribavirin on SARS-CoV (Urbani) replication in 8--14 g female BALB/c miceTreatment[a](#tbl5fn1){ref-type="table-fn"} (mg/kg)Virus titer (log~10~ CCID~50~/g)[b](#tbl5fn2){ref-type="table-fn"}Percent body weight changeVirus-infected mice 1754.6 ± 0.4+10 754.5 ± 0.3+40 Placebo4.4 ± 0.4+9  Uninfected mice 1750+4 750−7 Placebo0+18[^16][^17]

Lung homogenates from the first experiment in which ribavirin was administered at 75 mg/kg/day, BID, for 3 days were also analyzed for the presence of cytokines using the Q-plex™ Mouse Cytokine Array system ([Table 6](#tbl6){ref-type="table"} ). Included in the analysis were a number of pro-inflammatory cytokines including IL-1β, IL-6, IL-10, MCP-1, IFN-γ, and TNF-α, some of which have been detected in significant levels in plasma samples from SARS patients ([@bib35]; [@bib54], [@bib41]). The results indicated that on day 3, SARS-CoV infection induced significantly higher levels of cytokines (*p*  = 0.003) in the lungs in response to virus (group-2) exposure than in uninfected mice (group-1). IL-10, MCP-1 (*p*  = 0.05), and MIP-1α concentrations were at least three-fold above levels detected in uninfected, untreated mice. In infected mice (group-2), the levels of IL-1α (*p*  \< 0.0001), IL-1β (*p*  = 0.05), IL-6 (*p*  = 0.04), IFN-γ (*p*  = 0.03), TNF-α, GM-CSF, and RANTES (almost two-fold) were greater than two-fold above those found in uninfected, untreated mice (group-1). Ribavirin treatment of infected mice (group-4) on day 3 seemed to ameliorate the induction of the cytokine storm by virus infection, since levels of IL-α (*p*  = 0.02), IL-5 (*p*  = 0.006), MCP-1 (*p*  = 0.04), and GM-CSF (*p*  = 0.02) were significantly higher in the ribavirin-treated animals (group-4) when compared to virus-infected animals (group-2). Ribavirin treatment of uninfected mice (group-3) seemed not to perturb the cytokine response compared to the placebo-treated, uninfected mice (group-1). Levels of cytokines in ribavirin-treated, infected mice (group-4) were somewhat similar to cytokine levels in uninfected, untreated mice (group-1), although the levels of IL-1α (*p*  = 0.002), IL-6 (*p*  = 0.003), IL-12 (*p*  = 0.05), MCP-1 (*p*  = 0.02), and IFN-γ (*p*  = 0.014) were still significantly higher in the ribavirin-treated, infected mice (group-4).Table 6Cytokine levels (pg/ml) detected in lung homogenates from BALB/c mice infected with SARS-CoV and treated with ribavirinTreatmentDay 3Day 7No virus, no compoundVirusRibavirinRibavirin + virusNo virus, no compoundVirusRibavirinRibavirin + virusGroup-1Group-2Group-3Group-4Group-5Group-6Group-7Group-8IL-1α108.3 ± 7.4[a](#tbl6fn1){ref-type="table-fn"}418.1 ± 12.4132.8 ± 95.2307.5 ± 41.8117.2 ± 26.5251.1 ± 34.489.7 ± 58.2339.7 ± 24.8IL-1β61.9 ± 14.1228.6 ± 108.091.5 ± 75.2101.1 ± 16.367.3 ± 11.496.7 ± 4.653.1 ± 14.4128.9 ± 20.4IL-21.4 ± 0.12.5 ± 0.61.4 ± 0.61.9 ± 0.51.0 ± 0.13.5 ± 0.21.3 ± 0.03.5 ± 1.1IL-32.7 ± 0.43.3 ± 0.61.4 ± 0.32.1 ± 1.22.4 ± 0.11.9 ± 0.53.2 ± 0.81.9 ± 0.2IL-45.2 ± 0.710.1 ± 2.45.9 ± 3.56.3 ± 0.34.8 ± 0.16.2 ± 0.84.9 ± 0.97.3 ± 0.5IL-528.3 ± 1.260.8 ± 8.225.6 ± 2.034.2 ± 2.120.5 ± 5.434.3 ± 1.419.8 ± 1.733.4 ± 0.4IL-610.0 ± 1.146.2 ± 15.317.0 ± 9.036.2 ± 6.24.6 ± 0.911.6 ± 1.56.2 ± 0.420.2 ± 3.2IL-9129.1 ± 19.4178.2 ± 9.1134.2 ± 39.3140.9 ± 6.769.9 ± 44.1110.4 ± 21.5101.5 ± 25.7126.3 ± 67.6IL-10119.7 ± 39.7460.0 ± 400.777.4 ± 20.1138.9 ± 37.870.9 ± 15.5156.3 ± 9.460.7 ± 13.865.3 ± 21.1IL-121235.2 ± 126.85702.9 ± 2353.81642.5 ± 630.01993.8 ± 336.61408.3 ± 381.49063.8 ± 730.5915.2 ± 628.89208.4 ± 943.9MCP-1764.4 ± 166.13559.2 ± 1232.1792.9 ± 124.71578.8 ± 130.8727.1 ± 11.22574.2 ± 191.7676.3 ± 254.73576.2 ± 927.9IFN-γ801.2 ± 447.32276.9 ± 1036.8185.9 ± 8.11861.6 ± 93.5156.3 ± 9.53458.7 ± 25.0157.8 ± 1.32397.0 ± 187.3TNF-α8.9 ± 0.634.6 ± 12.210.5 ± 4.213.6 ± 1.28.8 ± 0.419.9 ± 1.17.9 ± 0.023.4 ± 1.4MIP-1α61.3 ± 7.7324.6 ± 126.456.1 ± 14.7185.2 ± 76.943.5 ± 4.5243.8 ± 56.540.2 ± 11.3161.9 ± 45.5GM-CSF9.5 ± 2.224.8 ± 5.27.9 ± 1.910.7 ± 0.97.0 ± 2.417.9 ± 1.17.9 ± 0.515.7 ± 4.2RANTES496.8 ± 74.91083.1 ± 370.3334.0 ± 45.2634.0 ± 586.5583.5 ± 191.51019.7 ± 43.1213.2 ± 84.5829.0 ± 171.4[^18]

In contrast to the cytokine profiles found on day 3, the cytokine profiles were somewhat different in infected animals (group-6) and infected animals treated with ribavirin (group-8) when compared to placebo-treated animals (group-5) and held until day 7 (*p*  = 0.003). Cytokine levels in virus-infected mice (group-6) which were still significantly increased compared to control animals (group-5) were IL-2 (*p*  = 0.009), IL-6 (*p*  = 0.05), IL-10 (*p*  = 0.04), IL-12 (*p*  = 0.01), MCP-1 (*p*  = 0.04), IFN-γ (*p*  \< 0.0001), TNF-α (*p*  = 0.01), and GM-CSF (*p*  = 0.05) ([Table 6](#tbl6){ref-type="table"}). Other cytokines were also increased as well, including IL-1α and IL-1β, IL-5, IL-9, MIP-1α, and RANTES. At day 7 in infected mice treated with ribavirin (group-8), IL-1α (*p*  = 0.03), IL-4 (*p*  = 0.04), IL-6 (*p*  = 0.04), IL-12 (*p*  = 0.01), IFN-γ (*p*  = 0.007), and TNF-α (*p*  = 0.01) were still elevated in infected mice when compared to the untreated, uninfected animals (group-5). When the cytokines levels of the ribavirin-treated, infected animals (group-8) were compared to those of the virus-infected animals (group-6), only the levels of IFN-γ (0.03) were significantly lower on the ribavirin-treated, infected animals; the remaining cytokines levels were similar in both groups. For these three groups of mice, cytokine levels of IL-6 (*p*  ≤ 0.05), IL-12 (*p*  ≤ 0.02), IFN-γ (*p*  ≤ 0.07), and TNF-α (*p*  = 0.01) remained significantly higher in both the virus-infected (group-6) and virus-infected, treated animals (group-8) at day 7 when compared to the untreated, uninfected control group of animals (group-5) at day 7. In addition, 10 other cytokines seemed to be at higher levels in both the virus-infected (group-6) and virus-infected, treated animals (group-8) at day 7 when compared to the control group of animals (group-5) at day 7, although these increases were not statistically different. IL-3 was the only cytokine that seemed to be reduced in both the virus-infected animals (group-6) and in the ribavirin-treated, infected mice (group-8) compared to the control animals (group-5).

Ribavirin is an IMP dehydrogenase inhibitor and inhibition of this enzyme by ribavirin is one mechanism whereby ribavirin inhibits RNA virus infections. It could conceivably inhibit RNA viruses by other mechanisms such as inhibition of viral polymerase activity by the 5′-triphosphate metabolite of ribavirin, inhibition of viral capping guanylyltransferase activity (viral or cellular) by ribavirin 5′-triphosphate, and induction of mutations in the viral genome ([@bib28]). Thus, inhibition of virus replication could occur by one or more of these mechanisms.

The in vitro data suggested that perhaps ribavirin and the other IMP dehydrogenase inhibitors only modestly inhibited SARS-CoV replication in vitro or not all ([Table 1](#tbl1){ref-type="table"}). Would other IMP dehydrogenase inhibitors enhance SARS-CoV replication in mice or would they simply be inactive as demonstrated in vitro? Therefore, the effects of treatment with other IMP dehydrogenase inhibitors were evaluated for the ability to reduce lung virus titers using the standard efficacy testing protocol described above. Doses evaluated for each compound were near the maximum tolerated dose determined for each in previous experiments or at a dose approximately 10-fold lower than the maximum tolerated dose (data not shown). The results indicated that in EICAR- and mycophenolic acid-treated mice, the lung virus titers increased with increasing dosage, although these increases in lung virus titers were not quite significantly different from the lung virus titers in placebo-treated, infected mice ([Table 7](#tbl7){ref-type="table"} ). However, even though the trend for enhancing virus titers was detected, these compounds did not prolong the lung infection as ribavirin did; no virus was detected at day 7 (data not shown).Table 7Effects of i.p. treatment[a](#tbl7fn1){ref-type="table-fn"} with other IMP dehydrogenase inhibitors on SARS-CoV (Urbani) replication in 12--16 g female BALB/c miceCompoundTreatment (mg/kg)Virus titer (log~10~ CCID~50~/g) ± S.D.[b](#tbl7fn2){ref-type="table-fn"}Day 3Day 7EICAR75[c](#tbl7fn3){ref-type="table-fn"}5.5 ± 0.50105.3 ± 0.30PSS5.1 ± 0.60  Mizoribine25[c](#tbl7fn3){ref-type="table-fn"}4.9 ± 0.302.54.7 ± 0.60PSS4.8 ± 0.40  Mycophenolic acid75[c](#tbl7fn3){ref-type="table-fn"}5.5 ± 0.20105.3 ± 0.50PSS5.1 ± 0.60[^19][^20][^21]

4. Discussion
=============

Although a number of laboratories have shown ribavirin to be efficacious in inhibiting SARS-CoV in vitro ([@bib24], [@bib8], [@bib11], [@bib53], [@bib32], [@bib39]), other laboratories have found ribavirin not to inhibit the virus in vitro ([@bib18], [@bib12], [@bib13], [@bib4], [@bib44], [@bib48]). There are no current data demonstrating efficacy in vivo, at least in animals. The in vitro studies described in the current report have demonstrated that ribavirin was inactive in various strains of Vero cells, probably due to lack of phosphorylation to the active triphosphate form ([@bib17], [@bib32]). In other cell lines such as Caco-2, PK-15, CL-14, HPEK, and MA-104, presumably capable of phosphorylating ribavirin to the triphosphate form, ribavirin was found to be efficacious (IC50 = 2--60 μg/ml) at concentrations that could be achieved clinically ([@bib32]). In the current study, ribavirin evaluated in Vero 76 cells was active at around 270 μM (IC50 ∼ 660 μg/ml), but was also toxic (average CC50 = 690 μM, ∼1685 μg/ml). In our studies, ribavirin was also only inhibitory at very high concentrations in MA-104 cells and CaCo-2 cells and not selectively inhibitory in either cell line. In a number of the studies cited above ([@bib48], [@bib39]), especially those showing the efficacy of combinational therapy with interferon ([@bib32]), there was a failure to report or to do rigorous (i.e., spectrophotometric analysis) cytotoxicity evaluations. Alternatively, the duration of the assays was so short that toxicity may have been minimized, although in our studies ribavirin was still only inhibitory at very high concentrations. Thus, based on the in vitro data, it has been very difficult to determine if ribavirin is efficacious independent of toxicity and to determine if it should be recommended for treating SARS infections.

In a number of clinical studies, ribavirin ([@bib26], [@bib44], [@bib51]) or ribavirin plus corticosteroids ([@bib37], [@bib43]) were initially used on a limited basis to treat patients with SARS. Retrospective analysis of those studies did not demonstrate the efficacy of ribavirin ([@bib30], [@bib27]), except in one study in which treatment with ribavirin plus steroid was associated with a better outcome than ribavirin treatment alone ([@bib9]). Most studies did not find any association of ribavirin with reduced viral loads ([@bib30]). In addition, two patients treated with ribavirin early in the infection (days 4 and 6 of illness) seemed to have the highest virus titers in the lungs upon post mortem examination when compared to other patients ([@bib30]), although [@bib51] reported that ribavirin reduced viral loads in five of eight patients. In addition to the apparent lack of efficacy in most studies, the risk of ribavirin-induced anemia along with hypoxia resulted in increased risk of death in the treated SARS patients ([@bib10]). Thus, ribavirin may not be useful for treating SARS infections because of its questionable efficacy and because of its known toxicity (reviewed by [@bib49], [@bib25]).

These conflicting data prompted the present studies in which ribavirin was evaluated in a mouse lung replication model in which no pathogenesis is detected, but in which virus replicates to high titers in the lungs and often in the snout ([@bib45]). The maximum tolerated dose given over the first 3 days of infection increased virus loads in the lungs and in fact appeared to increase viral loads and prolong the infection in the lungs. This finding is in harmony with the human studies cited above.

The mechanism whereby ribavirin may enhance the infection remains obscure. As has been shown by examination of sera from patients with active SARS infections ([@bib30], [@bib35]), infection of mice with SARS-CoV also triggered a large increase in inflammatory chemokines in C57BL/6 mice ([@bib16]). Large increases in pro-inflammatory cytokines in the sera of patients recovering from SARS infections ([@bib52]) have also been detected. Likewise, we have shown a large increase in pro-inflammatory cytokines in the lungs of BALB/c mice. Virus lung titers detected in ribavirin-treated mice (group-8) on day 7 apparently corresponded with a concomitant increase in the levels of a number of pro-inflammatory cytokines (IL-1α, IL-1β, IL-6, and MCP-1) in the lungs of infected, ribavirin-treated animals (group-8) at this time as opposed to the normal levels of cytokines detected in infected control (group-6) animals at day 7. In contrast, levels of IL-10 and IFN-γ, in particular, were substantially higher in the virus-infected mice (group-6). However, the virus in the lung was cleared in infected animals not treated with ribavirin virus (group-6), but was present at high levels in the lungs of ribavirin-treated, infected animals (group-8). This observation may reflect the finding in vitro that IFN-γ, along with IFN-α or IFN-β, can reduce virus titers detected in cell culture to below detectable limits ([@bib12], [@bib13], [@bib40]) accounting for the lack of detectable virus in the group-6 animals. The lack of interferon in the ribavirin-treated, infected animals may be due to the lack of sufficient IFN-γ levels to control the virus.

In contrast, on day 3 in infected mice treated with ribavirin the pro-inflammatory cytokine levels were all lower than in infected, untreated mice, although only the decreases of IL-1α, IL-5, and IL-9 were significantly different. These cytokine results suggest that ribavirin may have mediated the cytokine inflammatory response at day 3. However, the virus loads in ribavirin-treated infected mice were significantly greater than in the untreated, infected mice and suggest that the return of cytokines to normal levels was not enough to inhibit viral replication. Thus, in a SARS mouse infection the response of the animal may be first characterized by a viral replication phase that then induces an immune phase that contributes to pathogenesis and disease.

These findings also suggest that ribavirin may actually contribute to the pathogenesis of SARS-CoV by prolonging and/or enhancing viral replication in the lungs, thus providing a continual source of stimulation for the inflammatory response thought to contribute to the pathogenesis of the infection ([@bib29]). The possibility also exists that ribavirin might have immunomodulatory properties which adversely affect the clearance of SARS-CoV from the lungs, at least in mice. For example, ribavirin can have an indirect immunomodulatory effect, as it has been shown to decrease the release of pro-inflammatory cytokines from macrophages of mice ([@bib9]). It also has been shown to suppress IL-10 levels in BALB/c mice ([@bib46]) as it did initially in the current study. Ribavirin has been shown to switch the immune response of mice infected with mouse hepatitis virus, another coronavirus, from a Th-2 to Th-1 response ([@bib33]). In agreement with these findings, ribavirin has been reported to promote T-cell mediated immunity such as the induction of INF-γ, TNF-α, and IL-2 ([@bib47]), none of which were enhanced in the presence of ribavirin in SARS infected mice in our study. Alternatively, one could argue that inbred animals could have some potential genetic defect responsible for enhancement of virus infection in the presence of ribavirin. However, other studies in our laboratory indicate that totally unrelated compounds, such as promazine, also enhance viral infection at certain doses ([@bib6]). However, it would be interesting to evaluate ribavirin in outbred animals infected with SARS-CoV.

By initially suppressing the virus-induced cytokine storm (including IL-1α, IL-5, and IL-9) in infected mice, ribavirin may have upset the balance and timing of the Th1 and Th2 responses. Thus, ribavirin treatment may have altered the cytokine environment in the lung to allow viral persistence (i.e., polarized to a Th1 response) and to select against the development of responses such as neutralizing antibody that would normally abrogate viral replication ([@bib17]). The cytokines levels in mice at day 7 support this hypothesis, since some Th1-associated cytokines were at abnormally high levels at day 7.

Finally, other IMP dehydrogenase inhibitors seemed to have also enhanced the SARS-CoV infection in mice, although to a lesser extent than did ribavirin. This could suggest that a certain cell type essential for viral clearance such as type I pneumocytes or alveolar macrophages may have been functionally inhibited or induced to apoptosis, thus leading to the escape of virus from the initially important first line of defense that prevents or limits viral infection. Supporting this hypothesis are the following studies. IMP dehydrogenase inhibitors have been shown to induce apoptosis in a number of cell types ([@bib21], [@bib31], [@bib23], [@bib2], [@bib20]). Mycophenolic acid has been shown to suppress production of pro-inflammatory cytokines, nitric oxide, and LDH in macrophages as well as inhibit the enzyme IMP dehydrogenase in the macrophages ([@bib22]). This suppression of metabolic activities was probably a function of the IMP dehydrogenase inhibitory properties of the mycophenolic acid, since all of the suppressed activities could be reversed with the addition of guanosine. In addition, mycophenolate mofetil has been shown to inhibit differentiation, maturation, and allostimulatory functions of human monocyte-derived dendritic cells ([@bib15]). Ribavirin has also been shown to inhibit macrophage production of pro-inflammatory cytokines and Th2 cytokines while preserving Th1 cytokine induction ([@bib33]). Thus, under the right conditions IMP dehydrogenase inhibitors may actually promote viral infections by suppressing the function of or inhibiting cell types necessary for normal clearance of virus.

The results strongly suggest that using ribavirin as therapy for treating SARS infections should be reconsidered until further animal studies clarify the effects of ribavirin on cytokine and chemokine profiles during an infection and until ribavirin can be demonstrated to have a significant effect on reducing viral replication in vivo.
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[^1]: ND: not done.

[^2]: Expressed as international units.

[^3]: *Treatment schedule*: 4 h pretreatment, then BID, days 0--2.

[^4]: Values are expressed as mean ± standard deviation.

[^5]: Maximum tolerated dose determined in a previous experiment using the same dosage regimen.

[^6]: *p* ≤ 0.05, comparison: ribavirin-treated, virus-infected groups to PSS-treated, virus-infected groups.

[^7]: *Treatment schedule:* 4 h pretreatment, then BID, days 0--2.

[^8]: Values are expressed as mean ± standard deviation.

[^9]: Maximum tolerated dose determined in a previous experiment using the same dosage regimen.

[^10]: One mouse died on day 2, four mice died on day 5, and two mice died on day 6.

[^11]: Six mice died in this group on day 6.

[^12]: *p* ≤ 0.05, comparison: ribavirin-treated, virus-infected groups to PSS-treated, virus-infected groups.

[^13]: *Treatment schedule*: 4 h pretreatment, then BID, days 0--2.

[^14]: Values are expressed as mean ± standard deviation.

[^15]: *p* \< 0.05, comparison: ribavirin-treated, uninfected group day 3 to PSS-treated, uninfected group day 3.

[^16]: Animals were sacrificed on day 3. No virus was detected on day 7 in any animal.

[^17]: Values are expressed as mean ± standard deviation.

[^18]: Values are expressed as mean ± standard deviation. Comparisons with significant differences are noted in Section [3](#sec1){ref-type="sec"}.

[^19]: 4 h pretreatment, then BID, days 0--2.

[^20]: Values are expressed as mean ± standard deviation and represent titers from day 3.

[^21]: Maximum tolerated dose determined in a previous experiment using the same dosage regimen.
